The moisture adsorption isotherms of pear were determined at 15°C, 30°C, and 45i°C 
Introduction
The food sorption isotherm describes the thermodynamic relationship between water activity and the equilibrium of moisture content at constant temperature and pressure. The moisture sorption isotherms are extremely important in modelling the drying process, in design and optimization of drying equipment, in predicting shelf-life stability, in calculating moisture changes which may occur during storage and in selecting appropriate packaging material [1] . Also, the knowledge of the sorption data is essentially useful to predict microbiological, enzymatic and chemical stability of food materials. Experimentally determination and modeling of sorption isotherms of food materials has attracted numerous researches because their values are used in industrial purposes. Sorption isotherms are usually classified according to their shape in five different types: I, II, III, IV, and V [2, 3] . The sorption isotherms for most foods are non-linear and generally with sigmoid shape. A new classification system which was used to divide sorption isotherms into classes and that is applied on 115 sorption isotherms for different agricultural products and/or food materials were given in [4] .
Several researches have reported sorption data for pear at different temperatures and water activities. Kiranoudis et al. [5] determined sorption isotherms of pear at two temperatures 25°C and 45°C, Guine et al. [6] determined desorption isotherms of pear at 20, 25, and 30°C, while Lahsasni et al. [7] determined sorption isotherms of prickly pear fruit at three temperatures 30°C, 40°C, and 50°C over a range of relative humidity from 0.05 to 0.90. New researches were conducted by Guine [8] , which determined desorption isotherms for two varieties of pears for temperatures of 20, 30, and 40 ºC, and Djendoubi et al. [9] , which determined desorption isotherms of pear at three temperatures 30, 45 , and 60°C at water activities between 0.07-0.98.
Numerous isotherm equations are available in scientific literature for approximate experimental data of sorption isotherm on food materials [10] [11] [12] . Popovski and Mitrevski [13] [14] [15] [16] [17] [18] [19] proposed seven methods for generating new sorption isotherm models. van den Berg and Bruin [20] , classified the 77 sorption isotherm equations into three groups: theoretical, partially theoretical, and fully empirical. Some of them take into account the effect of temperature. The modified Chung-Pfost, modified Henderson, modified Halsey, modified Oswin and Guggenheim--Anderson-de Boer (GAB) equations were recommended as standard equations in ASAE Standard D245.5 for approximation of sorption isotherms data [21] .
Generally, sorption isotherm equations are selected on the basis of several statistical criterions. In scientific literature, for the goodness of fit of experimental sorption data and selection of the best isotherm equation, following criterions are used: correlation coefficient, (r), coefficient of determination, (R 2 ), root mean squared error, (RMSE), and the mean relative deviation, (MRD). The selection of a sorption isotherm equation with graphical evaluation of the residual randomness is also popular [3, 22] .
The results of comparative statistical analysis based on serial statistical criterion between the transcendental and cyclometric sorption isotherm models; transcendental and trigonometric sorption isotherm models for approximation of experimental equilibrium data of some fruits were presented in [23, 24] . The results of statistical evaluation of some four parameters sorption isotherm models for approximation of experimental equilibrium data of some vegetables were presented in [25] .
The objectives of this study were: -experimental determination of adsorption isotherms of pear at 15°C, 30°C, and 45°C for a range of water activity from 0.112 to 0.920, and -evaluation of suitability of isotherm equations recommended in ASAE Standard D245.5 and compares their goodness of fit based on several statistical criterions.
Material and methods
Fresh pears of the variety William with an average initial moisture content of 85% wet basis were used in experimental determination of adsorption isotherms. The pears were peeled and sliced in thin slices in order to obtain uniform samples with thickness of 4 ± 10 -1 mm, before being reduced to a cylinder with diameter of 30 ± 10 -1 mm. Several measurements were made using a caliper and only samples with a tolerance of ±5% were used. The representative samples taken for determination of sorption isotherms were pre-dried to final moisture content in a convective dryer at air drying temperature of 60°C, and air drying velocity of 1 m/s for a period of 7 hours.
The equilibrium moisture content of pears was determined at 15°C, 30°C, and 45°C using static gravimetric method, developed and standardized in the European COST 90 Project [26] . Ten saturated salt solutions LiCl, CH 3 COOK, MgCl, K 2 CO 3 , Mg(NO 3 ) 2 , NaBr, SrCl 2 , NaCl, KCl, and BaCl 2 prepared according to the recommendation of Greenspan [27] , were used to give defined constant water activity from 0.112 to 0.920. Two dry samples were placed on holder into each of the ten glass jars and exposed to atmospheres of various relative humidity. At water activities, a w > 0.60, small quantity of crystalline thymol was placed in the glass jar in order to prevent microbial spoilage of the sample of pear [26] . The glass sorption jars were placed and kept in the temperature controlled cabinet type SANYO MCO-15AC, maintained at the temperature 15°C, 30°C, and 45°C with an accuracy of ±0.1°C ( fig. 1 ). Three replications were made at each temperature and relative humidity, using a two samples per replication and the average values of equilibrium moisture content have been calculated. The change of samples mass was determined by electrical balance type KERN PLJ360-3M, with precision of 0.001 g every 7 days. The equilibrium between samples and their environment was reached after 21 days as evidenced by the constant weight after two successive weighing of the samples. The equilibrium moisture content of the samples was determined gravimetrically by drying in an oven at temperature of 105°C and atmospheric pressure for 24 h.
Statistical criterion for selection of sorption isotherm model
In scientific literature for estimation and selection of best sorption equation, several statistical criteria were proposed [3, 22] . The value of performance index, (f), which is calculated on the basis of values of coefficient of determination, (R 2 ), the RMSE, and the MRD, is the first statistical criterion for selection of isotherm sorption equation [22] :
Higher values of f, indicate that the sorption equation better approximates the experimental sorption data.
The D'Agostino-Pearson's test of normality is the most effective procedure for assessing a goodness of fit for a normal distribution. This test is based on the individual statistics for testing of the residual population of skewness, (z 1 ) and kurtosis, (z 2 ). This test is the second statistical criterion as adequate of sorption equation and it is based on the following equations [28] : 
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The test statistic for the D'Agostino-Pearson test of normality is computed with equation:
The c 2 statistics has a chi-squared distribution with 2 degrees of freedom (df). The tabled critical 0.05 chi-square value for df = 2 is c 0 05 2 .
= 5.99. Therefore, if the computed value of chi-square is equal to, or greater than, either of the aforementioned values, the null hypothesis can be rejected at the appropriate level of significance [28] i. e. the sorption equation should be rejected.
Because the c 2 statistics is not recommended individually as an adequate measure of the effectiveness of a sorption equation to describe the experimental data, additional criterion has to be introduced.
The single-sample run test is one of a numerous statistical procedures that have been developed for evaluating whether or not the distribution of series is random. This test is the third statistical criterion for effectiveness of sorption equation. The test evaluates the number of runs in a series in which, on each trial, the outcome must be one of k = 2 alternatives. In this test, the number of positive and negative residuals, n 1 and n 2 , and the number of times the sequence of residuals changes sign, (g), are used to calculate the following test statistic [28] :
If the computed value of, (z r ), is greater than the tabled critical two-tailed value z 0.05 = =i1.96, the null hypothesis should be rejected [28] , i. e. the sorption equation should be rejected.
A fourth statistical criterion for selection of sorption isotherm equation is the evaluation of significance and precision of the model constant. That can be done with constructing of individual confidence intervals (CI). If the estimated value of parameters is out of the 95% confidence interval, the model contains irrelevant parameters for approximation of experimental data i. e. sorption isotherm equation should be rejected.
Results and discussion
The experimental values for the equilibrium moisture content of pear at each water activity for the three different temperatures given in tab. 1 were fitted with isotherm equations recommended in ASAE Standard D245.5 [21] . Because the regression methods (indirect non-linear or direct non-linear), estimation method, the initial step size, the start values of parameters, convergence criterion and form of the function have significant influence on accuracy of estimated parameters [29] , a large number of numerical experiments were performed. The method of indirect non-linear regression and estimation methods of Quasi-Newton, Simplex, Simplex and quasi-Newton, Hooke-Jeeves pattern moves, Hooke-Jeeves pattern moves and quasi-Newton, Rosenbrock pattern search, Rosenbrock pattern search and quasi-Newton, Gauss-Newton and Levenberg-Marquardt from computer program Statistica [30] , were used to approximate the experimental data. On the basis of experimental data, and each equation from tab. 2, the average values of the coefficient R 2 , RMSE, MRD, and f , were calculated. When the value for the coefficient R 2 was different, the greatest value was accepted as relevant.
After that, the equations were ranked on the basis of average values of performance index, (f a ), (tab. 3). From tab. 3 it is evident that the GAB model, has the highest value of average performance index, f a = 755.9. In agreement with the first statistic criterion, this model correlates the experimental values of adsorption isotherms of pear better than other models. From all models, modified Chung-Pfost has the smallest value of performance index, f a = 5.035. So, this model exhibited the worst ability to correlate the experimental equilibrium data of pear.
Table 2. Equations for fitting the equilibrium sorption data

Name of model Equation References
Modified Chung-Pfost In tab. 4, the computed average values for, (c 2 ), and, (z r ), are given. It is obvious that all equations have average value of, (c 2 ), and, (z r ), smaller than the tabled critical value. In accordance with the proposed statistical criteria, these models-equations are able to correlate the experimental values of sorption isotherms of pear with 0.9-2.8% average root mean Because all equations "survived" the second and third statistical criteria, only the first statistical criterion is relevant for selection of best sorption equation. In accordance with this statistical criterion, the GAB equation has the highest value of performance index in comparison with the others, so this equation was taken for further statistical evaluation -verification of the fourth statistical criterion. The values of GAB model parameters were estimated by fitting the equation to experimental data using Gauss-Newton estimation method which minimizes the sum squares errors, while the 95% confidence intervals of the estimated parameters were determined by using the nlparci (beta, resid,'jacobian', J) function of the Statistics Toolbox of Matlab®8.3, [31] . The significance of each of the estimated parameters was evaluated through (t) test statistic. The estimated values of parameters, 95% confidence intervals and two-tailed p-value of estimated parameters at three different temperatures are given in tab. 5. From tab. 5 it is evident that the calculated two-tailed p-values for all parameters are extremely small (much less than 0.05) with exclusion for parameter DH x . One of the reasons for this might be the applied method of indirect non-linear regression analysis, considering the fact that the successful application of GAB equation depends on the regression method employed on the experimental data [32, 33] . Although, the method of direct non-linear regression has several advantages over indirect non-linear regression method [32, 33] , from numerical experiments it should be noted that extremely low two-tailed p-value for each of the parameters were obtained with application on direct non-linear regression method. But, in this case, the individual confidence intervals for some parameters were much wider. Other reason for the low p-value of parameters is a high correlation between pair of parameters: (X m0 ; DH x ), (K 0 ; DH k ) (C 0 ; DH C ), due to internal compensation on values of parameters in Arrhenius type relationships. On other side it is also known that the non-linear regression applied to models with Arrhenius type relationships generates very highly correlated parameters, elongated confidence intervals and low precision or high uncertainties of parameters [33] .
The experimental and estimated values for equilibrium moisture content for pears at three temperatures are shown on fig. 2 .
The adsorption isotherms of pear have a shape typical of high-sugar content foods according to the BET classification i. e. type III (J-shaped). According to BET theory, a type III isotherm appears when the binding energy of the first layer is lower than the binding energy between water molecules [34] . But, for water activity lower than 0.11, it is difficult to conclude that the isotherms follow type III of the pattern [35] . The values of equilibrium moisture content for pear decreased with an increase in temperature, at constant water activity, but up to water activity of 0.85 for all temperatures, curves are crossing. The intersection point of isotherms depends on the type of sugar present, sugar size distribution and composition of the food [36] . Since this process is known to be endothermic, more sugar is dissolved and thus more water is held by food products at higher temperatures. Because the pear is fruit with high pectin and sugars contents, there was intersection point with increase in temperature. Similar results were reported for the isotherms of pear [37, 38] , apple [39] , raisins [40] , figs, prunes, and apricots [32, 41] , grapes and apricot [42] , and mango [43] .
In fig. 3 the residuals of the dependent variable X eq obtained by the GAB model, are plotted against the corresponding independent variable a w , for three temperatures. Analysis of the residuals did not indicate abnormal distribution.
Conclusions
The moisture adsorption isotherms of pear at three temperatures (15, 30, and 45°C) and ten different water activity were experimentally determined with the gravimetric static method. The adsorption isotherms of pear according to the BET classification exhibit Type III (J-shaped), typical of high sugar foods. All isotherms were very similar in shape, and for the water activity of up to 0.85 curves are crossing. For approximation of experimental equilibrium data, the modified Chung-Pfost, modified Halsey, modified Oswin, modified Henderson, and GAB equations were used. According to the performed statistical analysis, it was concluded that the GAB equation has a high value of performance index and so it has a best fit to experimental data, while the modified Chung-Pfost equation exhibited the worst ability to correlate the experimental equilibrium data of pear in accordance to the lowest value of performance index. But, from fourth statistical criterion it was concluded that the parameters in GAB equation have extremely low p-value as a result of high correlation between pair of parameters (X m0 ; DH x ), (K 0 ; DH k ) (C 0 ; DH c ) due to internal compensation on values of parameters in Arrhenius type relation- ships. Therefore, the single statistical criterion can not be used to select the sorption isotherm equation. 3 -third moment about the mean for the -residual population-skewness m 4 -fourth moment about the mean for the -residual population-kurtosis n -number of experimental points n 1 , n 2 -number of positive and negative residuals R -universal gas constant, 
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